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Abstract It has long been observed that oil slicks under sunglint can reverse their optical contrast
against nearby oil-free seawater. Such a phenomenon has been described through both empirical statistical
analysis of the sunglint strength and modeled theoretically using a critical angle concept. The critical angle,
in this model, is the angle at which the image pixels show no or negligible contrast between oiled and non-
oiled seawater. Pixels away from this critical angle show either positive or negative contrast from the oil-
free pixels. Although this concept has been fully demonstrated in the published literature, its calculation
needs to be further refined to take into account: (1) the different refractive indices of oil slicks (from natural
seeps) and seawater and (2) atmospheric effects in the sensor-measured radiance. Using measurements
from the Moderate Resolution Imaging Spectroradiometer (MODIS) over oil films in the Gulf of Mexico, we
show improvement in the modeled and MODIS-derived reflectance over oil slicks originated from natural
seeps after incorporating these two factors in the model. Specifically, agreement between modeled and
measured sunglint reflectance is found for both negative and positive-contrasting oil slicks. These results
indicate that surface roughness and reflectance from oil films can be estimated given any solar/viewing
geometry and surface wind. Further, this model might be used to correct the sunglint effect on thick oil
under similar illumination conditions. Once proven possible, it may allow existing laboratory-based models,
which estimate oil thickness after such corrections, to be applied to remote sensing imagery.
1. Introduction
Oil slicks on the ocean surface primarily result from natural hydrocarbon seeps or oil spill accidents. It has
been estimated that 47% of oil entering the marine environment is from naturally occurring seeps with the
remainder from accidental discharges, although these estimates have some degree of uncertainties
[Kvenvolden and Cooper, 2003]. When hydrocarbons seep from the seabed, they float to the sea surface and
form oil slicks which are often detected by remote sensors [O’Briena et al., 2005; Macdonald et al., 1993,
2002; Howari, 2004]. Oil spills from accidents during marine oil transport or other operations can form differ-
ent pollution types which visualize differently [Zhong and You, 2011; Wang and Shen, 2010; Leifer et al.,
2012; Lu et al., 2013a]. When thick oil from oil spill accidents floats on the seawater surface, it spreads until
the oil slick thickness reaches 0.1 mm or less [Zhong and You, 2011]. Floating oil can seriously impact the
marine environment and economic development [Leifer et al., 2000; Jha et al., 2008; Kessler et al., 2011;
Marianoa et al., 2011]. A timely and accurate detection of oil slicks in the marine environment (which
requires a better understanding of the optimal conditions for slick detection) will not only improve the esti-
mation of the natural seepage rate but help monitor oil spill impacts as well.
Remote detection of oil slicks on the ocean’s surface can be accomplished through a variety of sensors (see
reviews by Brekke and Solberg [2005], Leifer et al. [2012], and Lu et al. [2013a]). Perhaps the most popular
technique involves using Synthetic Aperture Radar (SAR) sensor data [Hodgins et al., 1996; Zheng et al., 2001;
Keramitsoglou et al., 2006; Garcia-Pineda et al., 2013]. In SAR data, the oil’s modulation on surface roughness
(i.e., wave damping) reduces Bragg scattering, resulting in darker slicks than the surrounding seawaters
[Pinel et al., 2014]. On the other hand, optical remote sensing provides complementary data to detect oil
slicks under sunglint [Macdonald et al., 1993; Adamo et al., 2009; Hu et al., 2009] based on the same principle
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as SAR detection. The modulated surface roughness of each oil slick changes the surface reflectance
received by the optical sensor. These changes are exemplified under observing conditions with strong sun-
glint, making it easily detectable by optical sensors such as MODIS [Hu et al., 2009], with the limitation that
oil slicks may be undetectable under observing conditions when sunglint is negligible or absent. Unlike SAR
imagery, oil slicks may appear either brighter (positive contrast) or darker (negative contrast) than the sur-
rounding water in optical imagery when sunglint is present [Chust and Sagaminaga, 2007; Adamo et al.,
2009; Hu et al., 2009]. This phenomenon was explained by Hu et al. [2009] using the relative solar/viewing
geometry and sunglint strength, and then thoroughly examined using theoretical analysis and a critical
angle concept by Jackson and Alpers [2010]. The concept works as follows, as shown in Figure 1.
The critical angle is defined as the viewing angle where brightness reversal occurs [Jackson and Alpers,
2010]. The ocean surface can be approximated as containing a number of ‘‘facets.’’ In the visible wave-
lengths, these ‘‘facets’’ follow the Snell’s reflection and refractive law at many viewing angles [Jackson and
Alpers, 2010]. Based on the sunglint patterns, the surface roughness is described in terms of probability dis-
tribution of the facets’ slopes which can be described by wind speed and direction [Cox and Munk, 1954].
This model enabled a function to describe the relationship between sea surface roughness variance and
wind speed [Jackson and Alpers, 2010, and others]. Along a transect line of satellite measurements, the
changes of roughness due to oil slicks can redistribute the specular reflection of the direct solar beam,
where the positive contrast of a slick reverses to the negative contract. It is at this certain point where the
critical angle is determined (Figure 1).
While the concept was fully explained and illustrated by Jackson and Alpers [2010], two steps need to be
refined to improve the estimates of the critical angle and surface roughness of thin oil slicks that result from
natural seepage. Jackson and Alpers’s [2010] assumption that oil and seawater have the same Fresnel reflec-
tance can be improved. In their model, they change wind speed to find the best match between modeled
and measured MODIS signals to account for the unknown roughness of thin oil slicks from natural seeps.
However, oil is known to have a different refractive index than seawater [Wattana et al., 2014; Ghandoor
et al., 2003; Ariponnammal, 2012], and thus this calculation should be refined. Second, Jackson and Alpers’s
[2010] normalized sunglint reflectance was approximated using the total MODIS-measured reflectance. Spe-
cifically, there was no correction for Rayleigh or aerosol reflectance nor consideration of beam attenuations
from the sun to the target and from the target to the sensor. These omissions lead to potential uncertainties
in estimating the critical angle or the location of the transition zone (i.e., slick changes contrast from nega-
tive to positive) where oil slick contrast becomes undetectable. Such uncertainties allow possible false nega-
tive detection in nonoptimal observing conditions when oil slicks do not show up in satellite imagery.
Figure 1. Schematic graph showing the critical angle concept. On one side of the critical angle, the oil slick shows negative contrast (dark)
from the background water while on the other side, the slick shows positive contrast (bright). The dotted line shows the normalized sun-
glint reflectance that could be potentially derived from satellite measurements along an artificial transect (left to right). The blue solid line
shows the modeled glint reflectance for water while the red line shows the modeled glint reflectance for oil.
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Therefore, the objective of this paper is to refine the critical angle calculation by incorporating a realistic oil
refractive index and atmospheric effects to improve estimates of both the critical angle value and oil slick
roughness from thin oil slicks from natural seeps (for convenience hereafter referred to as natural seep oil
slicks or NSOS). By estimating surface roughness of oil slicks with different thickness (from oil spills) under
different sunglint strengths and observing conditions, eventually a look-up table (LUT) may be generated to
characterize the relationship between oil slick roughness and wind speed for these different slicks. This
look-up table may then be applied to thicker oil slicks from oil spills, and by reducing the impact of surface
roughness changes on the oil-water optical contrast (thus quasi-simulating glint-free laboratory conditions),
the laboratory-established relationship between oil thickness and optical contrast might be applied to esti-
mate oil thickness. If feasible, this LUT approach could provide a better understanding of the oil-water con-
trast and remove (or at least minimize) the impact of sunglint on oil and water’s surface reflectance,
thereby leading to a potential improvement for quantifying oil volume and thickness in the future.
2. Data and Methods
2.1. Calculation of Normalized Sunglint Reflectance (LGN) Using Cox-Munk Model
Normalized sunglint reflectance (LGN, in units of sr
21) was estimated using the Cox and Munk [1954] model.
The method for estimating LGN was detailed in Jackson and Alpers [2010], Wang and Bailey [2001], and
Zhang and Wang [2010]. Briefly, LGN can be expressed as
LGN h0; h;U; r2
 
5
q xð Þ
4
P h0; h;U; r2
  11tan2 bð Þ2
cos h
; (1)
where x is the local reflection angle for specular reflection of sunglint into the sensor by a tilted wave facet,
q xð Þ is the surface Fresnel reflectance (dimensionless), h0 is the solar zenith angle, h is the sensor zenith
angle, / is the relative azimuth angle of the look direction of the sensor minus the azimuth angle of the
look direction of the sun, r2 is the surface roughness variance (sea surface roughness variance can be
express as function of surface wind speed (w, m/s), r2water = 0.00310.00512w [Cox and Munk, 1954; Jackson
and Alpers, 2010]), P(h0, h, /, r
2) is the probability density function of the wave slops that contribute to the
sunglint, and b is the surface tilt of a facet on the sea surface.
The Fresnel reflection coefficient, q xð Þ, of an unpolarized incident light can be calculated as:
q xð Þ5 1
2
sin2 x2rð Þ
sin2 x1rð Þ1
tan2 x2rð Þ
tan2 x1rð Þ
 
; (2)
where r is the angle of refraction (seawater or oil slicks), x and r are given by
cos 2x5cos h0cos h1sin h0sin hcos/ (3)
n2
n1
5
sinx
sin r
; (4)
and, where, n1 and n2 are the refractive indexes of air and seawater (or oil slicks from natural seeps),
respectively.
The probability density function of the wave slopes that contribute to the sunglint can be written as a func-
tion of viewing angles (h0, h, and /,) and surface roughness (r
2):
P h0; h;U; r2
 
5
1
pr2
exp
2tan2 b
r2
 
(5)
where tan2b is given by
tan2 b5
sin2 h01sin2 h12sin h0sin hcos/
cos h01cos hð Þ2
: (6)
However, when this model is to be applied to remotely sensed data, two important steps (described in sec-
tions 2.2 and 2.3) are required to refine the calculation of the critical angle and surface roughness of oil
slicks.
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2.2. Refractive Index of Natural Oil Slicks
Crude oil is known to have a different refractive index than water and this affects the calculation of Fresnel
reflectance. The refractive index is an important optical parameter related to the specific composition of oil
[Ghandoor et al., 2003]. Crude oil consists of hydrocarbons of various molecular weights, organic com-
pounds, and asphaltene. This complexity makes it difficult to establish a universal refractive index
[Ghandoor et al., 2003]. Usually, the refractive index of nondistilled crude oil is between about 1.4 and 1.6
due to these complex chemical and physical properties [Ghandoor et al., 2003; Ariponnammal, 2012; Wat-
tana et al., 2014]. Moreover, the refractive index of oil slicks originating from naturally occurring seeps can
be different from accidental crude oil spills.
In the Gulf of Mexico, hydrocarbon seeps of gasses (i.e., methane), gasoline, and oil-enriched gas may either
flux into the atmosphere or onto the ocean surface to form oil slicks [Solomon et al., 2009; Whelan et al.,
2005]. Eugene Island 330 (EI-330) is one of the most prolific Pleistocene oil and gas fields in this area [Ander-
son, 1993; Whelan et al., 1994]. Some EI-330 oils include very high concentrations of light C3–C9 hydrocar-
bons, and the lightest n-alkanes diffuse fastest and tend to be lost as these reservoirs leak over time
[Whelan et al., 1994]. Some other oils in this area are similar to the EI-330 oils, in that they have the lightest
and most volatile n-alkanes as the most predominant C3–C10 hydrocarbon fraction [Whelan et al., 2005].
Natural venting is predominantly accompanied by light n-alkane oils and gas at the sea surface, referred to
as NSOS, which spreads outward upon reaching the air-water interface and forms oil slicks (i.e., rainbow and
silver sheen) [Macdonald et al., 1993]. NSOS can remain as a slick, become emulsified oils, or turn into
mousse. These three natural seep oil residue types have been collected and analyzed with gas chromatog-
raphy (GC-FID) and the results show a relatively high proportion of light n-alkanes [Macdonald et al., 1993].
A research report found that the refractive index of n-heptane (C7) and n-decane (C10) is 1.383 and 1.405 at
8 mm [Shih and Andrews, 2008]. While it is difficult to ascertain the actual refractive index of NSOS without
direct measurement, given the fact that these oil slicks are composed of light hydrocarbons, it is reasonable
to posit that the refractive index of a NSOS is less than the refractive index of nondistilled crude oil. Thus, in
this study, we test NSOS against the 859 nm MODIS band with a refractive index of 1.38.
This is different than Jackson and Alpers [2010] who changed seawater surface roughness to match oil slicks’
signal; in their study, the refractive indices of seawater and oil were the same. In this study, the refractive
index of any NSOS is assumed to be 1.38. The Fresnel reflection (q(x)) of water and NSOS was then calcu-
lated using equations (2) and (4) (Figure 2a). Figure 2b shows LGN calculated using equation (1) for h05 308
and /5 1808. Figure 2c shows that the critical angle changes with the roughness of seawater and varying
NSOS cases.
Figure 2a indicates that the Fresnel reflection coefficients of NSOS and seawater for unpolarized incident
light increases with the incident angle, while the oil/seawater Fresnel reflection ratio decreases with the
incident angle. When the incident angle is 308, the ratio is 1.20. Assuming the same roughness of 0.003 for
both NSOS and seawater at wind speed of 0 m/s, with the observing geometry of h05 308 and /5 1808,
the ratio of LGN between NSOS and seawater is also 1.20 (Figure 2b). The results also indicate that the Fres-
nel reflection ratio between NSOS and seawater is constant regardless of the viewing geometry, while LGN
Figure 2. (a) Fresnel reflection coefficients (q(x)) of NSOS and seawater as a function of incident solar zenith angle (h0). For h05 308, /5 1808, the ratio of the two coefficients is 1.20.
(b) Normalized sunglint reflectance (LGN) for seawater and NSOS as a function of sensor zenith angle (h) when h05 308 and /5 1808. The ratio of LGN between NSOS and seawater is
also 1.20, which is independent of h. (c) LGN for r
2
water 5 0.023 (corresponding to wind speed of 4 m/s), and for5 0.003, 0.008, and 0.013 with h05 308 and /5 1808.
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strongly depends on such a geometry: for this particular case, when the sensor (i.e., zenith angle) angle is
>458 or <158, LGN becomes negligible.
2.3. MODIS Data Processing
As stated earlier, the objective of this paper is to refine the critical angle calculation by incorporating a real-
istic oil refractive index with atmospherically corrected data to improve estimates of both the critical angle
value and oil slick roughness for thin NSOS. Such calculations require accurate estimates of Rayleigh scatter-
ing, aerosol scattering, and beam transmittance from the sun to the ocean surface and from the ocean sur-
face to the satellite sensor. Data collected by the Moderate Resolution Imaging Spectroradiometer (MODIS)
were analyzed as follows.
MODIS Level-0 data covering the Gulf of Mexico on 2 June 2005 at 16:55 GMT, and on 17 June 2013 at
16:45 GMT were obtained from NASA’s Goddard Space Flight Center (GSFC), and then processed using the
NASA software package SeaDAS (version 7.0) to convert to calibrated total radiance, Lt (after ozone correc-
tion, in units of w m22 sr21 nm21), and stored in Level-1 computer files. For a noncoupled ocean-
atmosphere system, Lt can be expressed in various terms in equation (7) in the absence of white caps
[Wang and Bailey, 2001; Zhang and Wang, 2010; Hu et al., 2000]:
Lt;k Hð Þ5Lr;k Hð Þ1La;k Hð Þ1Tk hð ÞT0;k h0ð ÞF0;kLGN Hð Þ1tk hð ÞLw;k Hð Þ; (7)
where k is the wavelength, Lr is from Rayleigh scattering, La is from aerosol scattering and aerosol-molecule
interactions, t is the water-satellite diffuse transmittance, Lw is the water-leaving radiance, T and T0 are the
water-to-satellite (view zenith angle: h) and sun-to-water (solar zenith angle: h0) beam transmittance angles,
respectively, F0 is the extraterrestrial solar irradiance, and LGN is the normalized sunglint reflectance (sr
21).
From equation (7), using Lt or its reflectance form to represent LGN will cause an overestimation of LGN when
LGN is low, and an underestimation when LGN is much higher due to relatively low T and T0 values (e.g., for
an aerosol optical thickness of 0.2 (859 nm) and solar zenith of 458, T0 is 0.75). This is perhaps why the
modeled glint reflectance from NSOS with positive contrast was much higher than actual MODIS observa-
tions [Jackson and Alpers, 2010, Figure 9]. The 859 nm MODIS band was used in this study where Lw, for
open ocean waters, is regarded as 0. To derive LGN at 859 nm from MODIS measurements, the following
steps were used:
tk hð ÞLw;k Hð Þ50; (8)
Lt;k Hð Þ5tozoneL0t;k Hð Þ; (9)
T0T5exp 2 sr1sa½  1cos h01
1
cos h
  	
; (10)
tozone5exp 2K

ozoneDU
1
cos h0
1
1
cos h
 
1
1000
 
; (11)
where tozone is the two-way ozone transmittance, T0 is beam transmittance from sun to ocean surface, T is
beam transmittance from surface to satellite, sr is Rayleigh optical thickness, sa is aerosol optical thickness,
Kozone is the ozone-specific absorption coefficient, and DU is the ozone concentration in Dobson units. Here
L’t is the satellite-measured total radiance, and Lt represents the satellite-measured total radiance in the
absence of ozone. Lr was calculated from the Rayleigh look-up tables in SeaDAS. LGN was first calculated
using equation (1). The pixels associated with LGN< 0.0001 sr
21 were considered to yield accurate aerosol
retrievals (La and sa) from the atmospheric correction algorithm [Gordon and Wang, 1994; Bailey et al., 2010].
These were then used as surrogates for pixels associated with stronger sunglint to derive LGN using equation
(7). Note that the above equations can all be found in existing literature, but for a comprehensive overview
they are provided here.
The above derivations led to LGN estimates from the model (section 2.1) and from MODIS measurements
(section 2.3). These were then compared across artificial transect lines with both dark and bright oil slicks to
calculate the critical angle and oil slick roughness.
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While all the above calculations were focused on the MODIS 859 nm band, for image visualization purposes,
Red-Green-Blue (RGB) composite images were made to help visualize the glint patterns and oil-water con-
trast. For this purpose, each image pixel’s Rayleigh-corrected reflectance (Rrc) was derived as:
Rrc5
p Lt2Lrð Þ
F0cos h0
; (12)
where Rrc data at 645, 555, and 469 nm were used as the Red, Green, and Blue channels to compose the
RGB images, with examples shown in Figure 3 (inset RGB images).
3. Results
3.1. MODIS-Derived LGN Data Extraction
Two MODIS/Terra images, one from 2 June 2005 (16:55 GMT, insert RGB image of Figure 3a) and the other
from 17 June 2013 (16:45 GMT, insert RGB image of Figure 3b), both covering the Gulf of Mexico with nega-
tive and positive-contrast NSOS, were used to calculate oil slicks surface roughness and critical angle (Figure
3). Note that Figure 3a is the same image as used in Hu et al. [2009] and Jackson and Alpers [2010] to illus-
trate the contrast reversal. The dark and bright oil slicks are distributed on the ocean surface evenly in this
Figure 3. (a) MODIS/Terra RGB image on 2 June 2005 (16:55 GMT) covering the Gulf of Mexico (inset). The main study was cut from band
859 nm. The white solid line indicates the satellite track, and the white dotted line indicates MODIS scan lines direction. Data along two
artificial transect lines parallel to the satellite scan line were extracted and analyzed. The NSOS are annotated with small red triangles (neg-
ative contrast) and squares (positive contrast); the oil-free seawater samples are annotated with small red circles. (b) MODIS/Terra RGB
image on 17 June 2013 (16:45 GMT) covering the Gulf of Mexico (inset), but the artificial transect lines are not parallel to the satellite scan
line due to the lack of uniformity in the distribution of oil slicks. The NSOS are annotated with small red triangles (negative contrast) and
squares (positive contrast); the oil-free seawater samples are annotated with small red circles. The image inset (b1) has been stretched to
(b2) to show dark oil slicks, while insets (b3) to (b4) and insets (b5) to (b6) are stretched to show bright oil slicks.
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figure. For Figure 3b, the oil slicks are not distributed evenly, and need to be stretched appropriately to dis-
tinguish them clearly (insert b1–b6). MODIS-derived LGN data were extracted along two artificial transect
lines covering both negative and positive-contrast NSOS, marked with red triangles and squares respec-
tively. Oil-free seawater samples were marked with red circles. In this figure, the satellite track and scan lines
are annotated with vertical and horizontal lines, respectively. In the study area, the hydrocarbons are
released naturally from vents on the seabed and float to the ocean’s surface forming NSOS [Anderson et al.,
1983; Kennicutt et al., 1988; Hood et al., 2002]. These NSOS have been detected by many different optical
remote sensors [Macdonald et al., 1993; Hu et al., 2009]. The area between the dark NSOS (negative contrast
in red triangles) and bright NSOS (positive contrast in red boxes) is where the critical angle can be
determined.
3.2. Modeled LGN Along MODIS Transect Lines
Along the MODIS transect lines, LGN is modeled using equation (1). In the model, the Fresnel reflection coeffi-
cients of air, seawater, and NSOS are assumed to be 1.0, 1.34, and 1.38, respectively, where MODIS data pro-
vide (h0, h, /) for each pixel. In the model, wind speed is varied (the incremental step is 0.5 m/s) until the best
match between modeled LGN and MODIS-derived LGN is reached for the nonoil pixels along the transect line.
The LGN for NSOS was estimated by changing their surface roughness with incremental steps of 0.001 until
the best fit was found between the modeled LGN and MODIS-derived LGN. Additionally, the modeled LGN
curves of both NSOS and oil-free seawater produce a critical angle which must be located in area of the
MODIS image between the dark and bright NSOS. Thus, the best match (fit) between the modeled LGN and
MODIS-derived LGN was determined from a combination of four factors: the critical angle position (e.g., Figure
4a), R2, RMSE, and the slope of modeled line LGN along the transect line. Figure 4 shows the differences
between modeled and MODIS-derived LGN curves of NSOS and oil-free seawater, where examples of best and
nonoptimal matches are illustrated. In Figure 4a, the nonoptimal match (r2oil5 0.010 and 0.009) corresponds
to the critical angle falling outside the transition zone, while the reasonable match (r2oil5 0.008) corresponds
to the critical angle falling within the transition zone between dark and bright oil slicks.
Figure 4 illustrates how the critical angles of the contrast reversal were determined from the modeled and
MODIS-derived LGN for both NSOS and oil-free seawater. The dark and bright NSOS shown in Figure 3 are
annotated in Figure 4 with different symbols (respectively, triangles and rectangles). Note that the modeled
LGN of NSOS agrees with the MODIS-derived LGN for both dark and bright slicks. This is in contrast to Jackson
and Alpers [2010] where such an agreement could only be observed for dark slicks due to the omission of
an atmospheric correction and the simplification of seep oil’s refractive index. The intersection between the
two modeled curves (oil slicks and seawater) represents the location of the critical angle (Figure 4).
3.3. Estimation of Surface Roughness of Oil Slicks
The specific sampling points of oil-free seawater, as well as dark and bright oil slicks (shown as in Figure 3)
of two MODIS images, were chosen to understand uncertainties in the estimated surface roughness of
NSOS. Figure 5a shows LGN distributions (histogram) across the entire image of Figure 3a and reveals two
main peaks of 0.0–0.02 and 0.04–0.07, respectively. LGN of 12 dark oil slicks ranged between 0.0037 and
0.0319, while LGN of 15 bright oil slicks ranged between 0.0607 and 0.12. This suggests contrast reversal (the
definition of critical angle) occurred at LGN values of 0.032–0.06. LGN of 16 oil-free seawater sampling points
covered the range of 0.0106–0.0712. Therefore, all sampling points covering nearly the entire range of the
image histogram distribution suggest that these points may represent typical cases of dark and bright oil
slicks, as well as oil-free water. Similar results can be found for the other image case (Figures 5b and 3b).
The different MODIS-derived and modeled LGN of the 16 oil-free seawater samples and the 27 NSOS (12 dark
and 15 bright) (as shown in Figure 3a) are compared in Figures 6a–6c and Figures 6d–6f. The optimal modeled
LGN of oil-free seawater and oil slicks (year 2005) show coefficients of determination (R
2) of 0.958 and 0.935,
and minimum RMSE of 0.00413 and 0.021116, respectively. This indicates that the surface roughness of the
best match modeled LGN of oil slicks and oil-free seawater is 0.008 and 0.021 corresponding to Figure 3a,
respectively. The maximum MODIS-derived LGN of oil slicks and oil-free seawater is not more than 0.15 and
0.08, respectively. This means that the maximum relative error for oil slicks and seawater is about 12% and 5%
(Figures 6a–6f), respectively. The MODIS-derived and modeled LGN of the 22 oil slicks (10 dark and 12 bright)
and 20 oil-free seawater samples (as shown in Figure 3b) are compared in Figures 6g–6l.
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Some MODIS-derived LGN points in the bright oil slicks and oil-free seawater samples fall outside the range
chosen for inclusion in Figures 6a and 6b. This is due to the high uncertainties in the modeled LGN or due to
mixed MODIS pixels (i.e., pixels containing both oil and water). It is understood that the Cox and Munk [1954]
model can only predict LGN for relatively weak and moderate sunglint, and high uncertainties do exist for
strong sunglint (e.g., the standard ocean color data processing in the NASA software package, SeaDAS, treats
LGN> 0.01 sr
21 as ‘‘high glint’’ and masks all pixels associated with ‘‘high glint’’). Therefore, the effective
MODIS-derived LGN range of oil slicks and oil-free seawater samples of Figures 6g–6l has been limited to the
same range as Figures 6a–6f; in this case, for oil slicks, the MODIS-derived LGN range is 0–0.15, and oil-free sea-
water range is 0–0.08. With this constraint, and using the optimal model, the coefficient of determination (R2)
between the modeled and MODIS-derived LGN for the oil-free seawater and NSOS in 2013 (Figure 3b) is 0.988
and 0.998, respectively, and the minimum RMSE is 0.0052 and 0.02189, respectively. The surface roughness of
NSOS and oil-free seawater determined from this optimal model is 0.011 and 0.023, respectively.
4. Discussion
4.1. Sensitivity of Critical Angle Calculation to Refractive Indices
The refractive index of oil plays an important role in modeling LGN and calculating critical angle. Although it is
impractical to present all possible scenarios in multidimensional space, the following sensitivity analysis may
Figure 4. Modeled and MODIS-derived LGN along the two MODIS transect lines corresponding to both of the images in Figure 3. The dark and bright oil slicks are annotated with small
triangles (negative contrast) and squares (positive contrast), respectively. Cloud and shadow artifacts are outlined by dotted red lines. The critical angle determined from the modeled
LGN of oil slicks and seawater is annotated with red points (one from the optimal model so the location of the critical angle is within the transition zone between the dark and bright oil
slicks, and the other is from the nonoptimal model where the location of the critical angle falls outside of the transition zone). (a and b) The two transect lines of Figure 3a, and show sur-
face roughness of oil slicks and seawater change from 0.008 to 0.010 and 0.018 to 0.023, respectively. (c and d) The two transect lines of Figure 3b, and show surface roughness of oil
slicks and seawater change from 0.009 to 0.011 and 0.018 to 0.023, respectively.
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help illustrate how the magnitude
of the calculated critical angle
changes with the input refractive
index of oil (Figure 7).
When given a solar zenith angle
and azimuth angle (h05 308,
/5 1808), two different seawater
surface roughness (0.008 and 0.023,
seawater refractive index is 1.34),
and one NSOS surface roughness
(0.008), a calculation for modeled
LGN of seawater (blue solid and dot-
ted lines) and NSOS (corresponding
to the different refractive indices,
1.36–1.56, numerical interval is 0.02,
black dotted lines) can be made
(Figure 7a). These lines produce dif-
ferent critical angles represented by
the gray boxes in the 12.858–17.008
and 43.008–47.158 ranges in Figure
7a. Figure 7b provides a closer view
of the 0.02 incremental changes in
the oil refractive index on the left
critical angle. In Figure 7b, it is clear
that as the refractive indexes
change from 1.38 to 1.56, the left
critical angle produced by the mod-
eled LGN of seawater (roughness is
0.023) changes from 16.458 to
12.858 in oil slicks where roughness
is 0.008 and the ratio of Fresnel
coefficient between oil and sea-
water varies from 1.2031 to 2.2292
(inset c in Figure 7b), respectively.
The modeled seawater LGN of two
different surface roughness (0.008
and 0.023) produces a critical angle
of 17.008 at the point where the
two blue line cross (Figure 7b). If the satellite altitude is about 705 km, any angular deviation can produce a
great displacement while positioning the critical angle on the sea surface image (Figure 7e). In this case, when
refractive index changes from 1.34 (seawater) to 1.38 (NSOS), the critical angle changes from 17.008 to 15.958
(Figure 7d), and the distance between them is about 14.05 km (Figure 7f). However, when the refractive index
changes from 1.34 to 1.56, the critical angle changes from 17.008 to 12.858, and the distance between them is
much greater at about 54.92 km (Figures 7d, inset 7e in 7d and 7f).
4.2. Improved Interpretation of the Critical Angle and Oil Slick Surface Roughness
Contrast reversal between NSOS and oil-free seawater under sunglint has been reported before [Hu et al.,
2009]. While the critical angle concept [Jackson and Alpers, 2010] correctly explains such a phenomenon, an
accurate calculation of the critical angle requires that both atmospheric correction (removal of path radi-
ance and consideration of two-way beam transmittance) and oil’s refraction index be considered. The inclu-
sion of atmosphere correction enhances the oil-water roughness contrast, thus calibrating the estimation of
the critical angle through improved fitting between modeled and MODIS-derived LGN. Furthermore,
although the best fit between modeled and MODIS-derived LGN may be achieved by changing the wind
speed between NSOS and oil-free water (as in Jackson and Alpers [2010]), to derive NSOS roughness one
Figure 5. (a and b) Image histograms showing MODIS-derived LGN ranges. In Figure 5a,
the 12 dark seep oil slick samples range from 0.0037 to 0.0319, the 15 bright NSOS
samples range from 0.0607 to 0.12, and the 16 seawater samples range from 0.0106 to
0.0712. In Figure 5b, the 10 dark NSOS samples range from 0.0029 to 0.025, the 12
bright NSOS samples range from 0.0464 to 0.201, and the 20 seawater points range
from 0.00246 to 0.109.
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must take into account the refractive index difference between oil and water. These two key steps have
been employed to refine the critical angle calculation and to provide an improved understanding of the
contrast reversal. Indeed, an accurate knowledge of the location of the critical angle in a given image has
important practical implications for oil spill monitoring; efforts should not be wasted searching for oil slicks
in those locations. More specifically, around this critical angle, the sensor simply loses its capacity to reveal
the oil-water contrast. Moreover, the absence of an oil slick in those locations does not preclude the exis-
tence of oil. Thus, the work presented here will help interpret remote sensing images for oil spill
assessment.
Figure 6. Modeled and MODIS-derived LGN over NSOS and seawater for the two MODIS images in Figures 3a and 3b, respectively. Figures 6a–6c and Figures 6d–6f are for oil-free water
and NSOS in Figure 3a, Figures 6g–6i and Figures 6j–6l are for oil-free water and NSOS in Figure 3b.
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4.3. Implications for Estimation of Oil Slick Thickness
Delineating an oil slick (natural seep or spill) footprint is relatively easy with either SAR or optical sensors under
appropriate conditions (e.g., optimal wind speed, cloud free, presence of sunglint) because the technique relies
mainly on the spatial contrast between oil and seawater due to either wave damping or changes in optical
properties. In contrast, estimating oil slick thickness has been notoriously difficult, and even today there is still
controversy on whether measuring or estimating oil thickness is feasible [Fingas and Brown, 2014, 2015; Svejkov-
sky et al., 2015]. To date, nearly all algorithms developed to estimate oil slick thickness from optical remote sens-
ing have employed spectra measured in a laboratory or well-controlled environments [Wettle et al., 2009;
Svejkovsky et al., 2012; Lu et al., 2013a]. This difficulty arises from knowledge that the reflectance spectra of oil
and seawater can be significantly different in a natural environmental setting than those measured in the lab
due to different observing conditions. One such factor is the presence of sunglint. While sunglint enhances the
oil-water contrast that makes oil observing easier, it introduces significant interference to the lab-determined
spectra. Therefore, ideally the sunglint-induced additional reflectance should be removed before the oil spectra
are used to estimate thickness. The difficulty is that such additional reflectance is typically unknown for thick oil
slicks in any given image, because the spatial oil-water contrast is a result of both optical changes and sunglint-
induced Fresnel reflectance changes, between oil and water. The work presented here may help estimate such
additional reflectance because the latter changes can be characterized from thin oil films from NSOS.
Figure 7. (a) Two different values of oil-free seawater LGN (the blue solid and dotted lines correspond to surface roughness are 0.008 and 0.023, respectively), and 11 different values of
NSOS LGN (the black dotted lines correspond to the oil’s refractive indices, with each line representing an incremental increase of 0.02 in values from 1.36 to 1.56; the NSOS surface
roughness is set constant at 0.008); (b) the critical angle between the different NSOS and seawater (17.008 is the critical angle between two different seawater surfaces, 16.458–12.858 is
the critical angle corresponding to the oil refractive indices from 1.36 to 1.56); (c) for h05 308, /5 1808, the ratio of Fresnel coefficients between oil and seawater corresponding to the
oil refractive index is from 1.36 to 1.56; (d) the critical angle varies with the change of oil refractive index; (e) the sketch map of distance bias between two different critical angles; (f) the
value of distance bias between the different critical angles corresponding to the refractive index is from 1.34 to 1.56.
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Specifically, the slicks from the natural seeps are very thin, representing oil sheens [Macdonald et al., 1993], and
their interference to the reflectance spectra is mainly from the surface Fresnel reflectance and not through its
absorption or scattering properties. Once the surface roughness of oil is known, the interference it imparts to
surface reflectance may be estimated and removed from the measured reflectance over thick slicks. The results
shown here indicate that for a given wind speed, it is possible to estimate surface roughness and LGN of oil slicks
with this model. It follows that if a large number of images under different wind conditions are analyzed in the
same way, a LUT may eventually be established to estimate surface roughness and LGN for different wind speeds
and solar/viewing geometry for thin oil films. Such a LUT might be able to remove or significantly reduce
sunglint-induced reflectance from the measured reflectance of thick oil slicks, with the remainder used to esti-
mate oil slick thickness based on the laboratory-based measurements [Wettle et al., 2009; Lu et al., 2011, 2012,
2013b]. Alternatively, a combination of numerical modeling with sunglint imagery [e.g., Liu et al., 2011; De Carolis
et al., 2013] may help characterize the surface slicks, and optical modeling of the surface Fresnel reflectance of
the oil-water system can help characterize oil slick thickness under sunglint [De Carolis et al., 2014]. However, we
fully recognize the challenges in estimating oil slick thickness through passive remote sensing [Fingas and
Brown, 2014, 2015; Svejkovsky et al., 2015], and whether the hypothesis proposed here works in natural oil seep
or spill conditions will need extensive future work to prove or disapprove.
5. Conclusion
The presence of sunglint in optical remote sensing imagery enhances the oil-water contrast, thus making it easier
to observe surface slicks when compared with imagery with no or negligible sunglint. However, the presence of
sunglint also introduces additional challenges in relating surface reflectance to oil thickness as such relationships
have been established under glint-free conditions. By refining the critical angle calculation for thin oil films from
natural seeps, through incorporating the refractive index of oil and atmospheric correction into the model, we
showed that the estimation of the critical angle for these thin oil films (where the oil slick contrast reversal occurs
under sunglint) can be improved and the roughness and reflectance of thin oil films can also be modeled. The
former provides improved information on where thin oil slicks cannot be observed (i.e., near the reversal loca-
tions), while the latter could prove useful in removing or at least reducing the sunglint effect on the oil-water
contrast of thicker oil slicks (from oil spills) in order to facilitate the estimation of an oil slick’s thickness. We expect
to test this hypothesis in the near future. Lastly, this suggests that the model may potentially aid in the determi-
nation as to whether oil slicks found in the oceans have come from naturally occurring seeps, which are inher-
ently thin, or carry the markers of thicker oil slicks from oil spills, regardless of their spatial footprint, from space.
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